Abstract Apatite-type lanthanum silicate was successfully synthesized via a solid state reaction protocol at 1400
Introduction
Apatite-type lanthanum silicate has attracted much attention since NAKAYAMA et al. identified it as an ionic conductor [1] . It has a considerably higher ionic conductivity and a lower activation energy than yttria stabilized zirconia (YSZ) [2, 3] at intermediate temperatures (500∼800
• C). As such, apatite-type lanthanum silicate is a potential candidate material for electrolytes in intermediate temperature solid oxide fuel cells (ITSOFCs).
Several techniques have been used to prepare electrolytes for SOFCs; these include tape casting [4] , sol-gel fabrication [5] , and atomic layer deposition (ALD) [6] . Plasma spraying [7] is also recognized as an appropriate method due to its high deposition rate and cost-effectiveness. To fabricate a coating of apatite-type lanthanum silicate, a powder of the pure material must first be synthesized to provide feedstock. However, conventional solid state reaction techniques require long thermal treatments at high temperatures when starting from La 2 O 3 and SiO 2 [8, 9] . To overcome this drawback, other methods such as mechanochemical synthesis [10] and the sol-gel method [5, 11] have been investigated, but these methods are not ideal either: mechanochemical synthesis requires a long milling time and the sol-gel method is complicated by a need for several heating steps.
In this study, pure apatite-type lanthanum silicate was synthesized via a solid state reaction protocol that proceeded at a faster rate and lower temperature than conventional methods. The plasma spraying technique was then used to fabricate an apatite-type lanthanum silicate coating on a steel substrate. The composition and microstructure of the coating were investigated using X-ray diffraction (XRD) and scanning electron microscopy (SEM), and the ionic conductivity of the sintered coating was also characterized.
Experimental method

Feedstock and plasma spraying condition
The apatite-type lanthanum silicate was prepared by a solid state reaction protocol. High-purity La 2 O 3 and SiO 2 powders were first attrition-milled for 3 h in ethanol at 350 rpm using a QM Planetary Ball Mill. The ethanol was then evaporated at 105
• C for 6 h. The mixture was pressed into disks and then calcined at 1200
• C in a vacuum for 2 h, then reground to powder. The resulting powder was pressed into disks and calcined at 1400
• C in a vacuum for 4 h. The base pressure was pumped down to 0.05 Pa before heating, and the working pressure was 0.27 Pa. The heating rate was 10
• C/min. The calcined samples were again ground to powder, and powder grains with a particle size of 20∼60 µm were selected to ensure optimum powder flow during plasma spraying.
An atmospheric plasma spraying apparatus (PRAX-IAR, USA) with an SG-100 spray gun and standard hardware (anode: 02083-730, cathode: 01083 A-720, injector: 03083-112) was used to prepare the apatite-type lanthanum silicate coating. Table 1 lists the plasma spray parameters. The powder was transferred into the plasma jet and injected onto mild steel substrates (φ50×5 mm) to form coatings. During spraying, the temperature of the substrates was maintained at 300 K by water cooling in order to avoid coating rupture. 
Coating characterization
XRD data, analyzed with the MDI Jade 5.0 software package, were used to determine the phase and crystal parameters of the powder. The microstructure of the coatings was characterized by scanning electron microscopy (SEM, V-70, Hitachi Japan) combined with XRD analysis. A microhardness testing machine (BUEHLER 5114, Japan) with a 100 g normal load and a dwell time of 10 s was used to test the Vickers microhardness of the coating. The conductivity of the apatite coating was measured by the simplified-fourelectrode complex impedance method using a Solartron 1260. The coating thickness was about 500 µm and the diameter was 6 mm. Platinum ink electrodes were painted on each face of the coating, and the coating was then heated in order to dry the platinum ink. The sample was measured between 550
• C and 850
• C with a 50
• C-step in the 10 −1 ∼10 6 Hz frequency range. The specimen was sectioned using a diamond saw, and then roughly polished using a series of SiC papers. Fig. 1 shows the microstructure of several coating cross-sections. From the SEM images, most of the sprayed apatite powder grains are found to have completely melted, and there is no evidence of lamellar structure. Comparing the pre-annealing and postannealing cross-sections, the porosity of the coating is seen to decrease after the heat treatment. This phenomenon has also been observed after the sintering of apatite coatings, and high porosity is known to correlate with reduced ionic conductivity [12] . For the purpose of functioning as a high-performance electrolyte, the porosity of the coating needs to be reduced as much as possible; heat treatment is found to significantly improve the coating quality in this respect. 
Results and discussion
Microstructure of coatings
Composition of coatings
The X-ray diffraction pattern of the apatite powder is shown in Fig. 2(a) . The XRD pattern of the La 10 Si 6 O 27 powder is in accordance with JCPDS data #53-0291, attesting to the purity of the powder. Our pure apatite-type lanthanum silicate powder was obtained by annealing at 1400
• C in a vacuum for only 4 h; the temperature is lower and firing treatment much shorter than the 15 h at 1600
• C required for the synthesis of the apatite compound by conventional solidstate reaction protocols [13] . Fig. 2(b) shows the X-ray diffraction pattern of the coating before annealing. The amorphous phase is identified by a broad halo between 25
• and 33
• . The annealed coating was almost fully crystallized in the apatite-type phase as shown in Fig. 2(c) , following a 2 h vacuum heat treatment at 1000
• C. The crystallinity shows obvious improvement after annealing, as is also demonstrated by the enhancement of the peak intensity of La 10 Si 6 O 27 . High crystallinity is important for the coating's ionic conductivity, as an inverse correlation between the amorphous content and ionic conductivity has been shown previously [14] . Fig.2 X-ray diffraction pattern of: (a) the apatite powder, (b) the plasma-sprayed coating, before annealing, (c) the coating after annealing 3.3 Microhardness and ionic conductivity of coating Fig. 3 shows the microhardness of cross-sections of the apatite coating before (a) and after (b) heat treatment. The value was obtained by taking the mean of four indentations, which were carried out to normalize the coating surface. The result indicates that the microhardness of the apatite coating is improved by annealing, and provides further evidence that heat treatment increases the coating density. Fig. 4 shows the conductivity of the apatite lanthanum silicate coating after annealing. The ionic conductivity value at 700
• C is 0.054 mS/cm, which is similar to that of the plasma-sprayed coating La 9 SrSi 6 O 26.5 (0.044 mS/cm) [15] . At the highest measured temperature of 850
• C, the ionic conductivity reached 0.39 mS/cm. The slope of the plot gives the activation energy, which is found to be 0.67 eV, somewhat lower than that of plasma-sprayed La 10 Mg 0.2 Si 5.8 O 26.8 (about 1 eV) [13] . Fig.3 Microhardness of the apatite coating, before (a) and after (b) annealing Fig.4 Ionic conductivity of the apatite coating as a function of temperature
Conclusion
Apatite lanthanum silicate (La 10 Si 6 O 27 ) was successfully synthesized by a solid state reaction at 1400
• C for 4 h in a vacuum. A coating of La 10 Si 6 O 27 was then fabricated using plasma spray technology, and fully crystallized into the apatite crystal structure via a heat treatment at 1000
• C for 2 h. The ionic conductivity of the coating was found to be 0.39 mS/cm at 850
• C and 0.054 mS/cm at 700
• C. The activation energy was 0.67 eV, which is significantly better than that of Mgdoped lanthanum silicate.
